Streptomyces peucetius mutant, D2 was heterologously complemented to produce daunomycins with plasmids pSgs44 and pSYE66, which contain putative cyclase genes of S. galilaeus and S. nogalater, respectively. A point mutation in the cyclase gene dpsY of D2 has changed glycine to serine resulting inactivation of the enzyme. Secondly, the putative cyclase gene snoaM from S. nogalater, was expressed in a gene cassette in S. lividans TK24 and S. coelicolor CH999 to study the influence of the cyclase gene on auramycinone production and the impact of endogenous genes on production profiles. The results obtained confirms that a cyclase closing the second and third ring of a polyketide is essential in anthracycline biosynthesis.
Daunomycin1) (see Fig. 1 for structure) and especially its 14-hydroxyl derivative, doxorubicin2), are the most widely used cytotoxic antibiotics in cancer chemotherapy. After their discovery, the biosynthesis of daunomycins and other anthracyclines has been studied intensively3-10). All known anthracyclines produced by streptomycetes are generated via a similar polyketide pathway. The enzyme complex responsible for biosynthesis of anthracycline polyketide moiety is type II polyketide synthase (PKS II). The diversity of these aromatic polyketide antibiotics arises from structural changes in the aglycone and/or in the sugars attached to the aglycone. The first stable intermediate consists of a 21-carbon aglycone skeleton, and is called aklanonic acid, AA11). The earlier biosynthesis intermediates before AA are unstable by their chemical nature or due to the used isolation methods and thus are usually detected as shunt products.
Although the polyketide steps leading to the aglycone are well-studied, there has been speculation whether the second and third ring closures are spontaneous, or whether they require a specific enzyme or enzymes to occur. As the PKS 
Mutagenesis and Mutant Selection
Cultures grown for NTG mutagenesis were incubated in 250ml Erlenmeyer flasks containing 50ml of Tryptone Soya Broth (TSB, Oxoid) and a spring to disperse the mycelium during aeration. All cultivations were performed stated. Mycelia for NTG mutagenesis were inoculated from 2-day parental culture broth (1:50, by volume) and cultivated for one day. pH of the culture was adjusted to 8.5 with 2% NaOH, and the culture was divided into two parts. One part was used as a control, whereas the other half was 
Expression Constructs
The polyketide cyclase homologue from S. nogalater, snoaM, amplified by PCR was cloned into pIJE486 downstream of ermE promoter, and into pMC9 (Kantola, unpublished) to obtain pSYE66 and pMC10aM, respectively. pSYE66 and pMC10aM were introduced into S. lividans TK24. Plasmids pSY4216), pSY218), pSY1517), and pSYE66 isolated from TK24 were further introduced into D2. Similarly, plasmids pSgs4 and pSgs44 containing the polyketide cyclase homologue from S. galilaeus18) and a plasmid pDpsY containing S. peucetius wild type cyclase amplified by PCR were introduced into D2. In addition, pMC9 and pMC10aM were introduced into S. coelicolor CH999. The plasmid constructs used are listed in Table 1 .
Cultivations
Liquid cultivations for studying anthracycline production were performed in 250-ml Erlenmeyer flasks containing 60ml of El medium consisting of glucose 2%, starch 2%, 0.1% in 1 liter of tap water (pH 7.5)19). Fermentation was carried out for 6 to 7 days in 10 liters of El medium.
Mutagenization and preparation of plasmid DNA were carried out in TSB medium. The plasmid-carrying strains R2YE MeCN-KH2PO4 buffer (60mM, pH 3.0 adjusted with citric acid). The compounds were separated with a gradient from 65% to 25% KH2PO4 buffer (60mM, pH 3.0). The flow rate was 1ml/minute, and detection was done at 254 and 480nm.
Purification of Metabolites from D2
The fermentation broth (10 liters) was adjusted to pH 3.0 prior to processing. Cells were separated from supernatant with centrifugation, and extracted with 2.5 liters of methanol. Supernatant was treated with 250g of XAD-7 resin for 1 hour. The products were eluted from the resin with 2 liters of methanol. The combined cell and supernatant extracts were treated with water and subsequently extracted twice with 2 liters of chloroform. The organic layer was evaporated to dryness. HPLC analysis of the residue revealed one major (70% of the integral at 254nm) and several minor products. The viscous
The column was washed with 1% acetic acid in chloroform, and eluted with a linear methanol gradient up to 30%.
Three pooled fractions were further purified in a semi- The UV spectra of purified products 1, 2 and 3 (Fig. 2) showed similar chromophores with a substituted aromatic ring. The 1H NMR spectra indicated two aromatic rings and a 2-hydroxy-4-pyrane ring. Furthermore, the spectra showed four hydroxyl groups, confirmed by saturation transfer upon irradiation of water, which resonated between 9.0 and 14.0ppm. Two of them were sharp and concentration-independent, indicating an intramolecular hydrogen bonding. In the 1H NMR spectra 1, 2 and 3 differed only in the substitution of one aromatic ring. The 13C NMR spectra gave 21, 20 and 22 carbons for 1, 2 and 3, respectively. The carbons were unambiguously assigned using pHSQC and HMBC measurements. The measured values were in good agreement with the known similar structures UWM5 for product 122) and SEK43 for product 213). The novel compound 3 had a structure similar to SEK43 except for the extra acetate in the side chain at C-19. The assignments for product 3, designated as S2617, are given in Table 2 .
Furthermore, the EIMS gave the correct molecular masses and degradation patterns consistent with the structures.
Of the three products D2 strain produces, UWM5 (1) was the main compound, while SEK43 (2) and S2617 (3) were minor ones. Their structures revealed that a ketoreductase (KR) had reduced the carbonyl group at C-9 of the polyketide skeleton. KR is the first enzyme to act on the nascent polyketide chain, and it induces an aldol condensation between C-7 and C-1223). In each identified structure the first ring was also correctly aromatized, indicating that the first ring cyclase/aromatase had acted normally. A typical second ring closure for anthracyclines was expected between C-5 and C-14 but this reaction had not proceeded in a normal way. Instead, the remaining polyketide tails had folded spontaneously, leading to the shunt products (1, 2, 3) obtained.
The changes in the side chains at C-19 are presumably due to the flexibility of PKS. UWM5, which is a condensation product of nine acetates and a propionate, is a shunt product of daunomycin biosynthesis. SEK43 derived from ten and S2617 from eleven acetates are also shunt products formed from intermediates of S. peucetius products; feudomycin D24) and feudomycin B25), respectively. The amounts of the D2 products correlated with the amount of the corresponding anthracycline products in the wild type.
Heterologous Complementation of the D2 Mutant
The plasmids, containing biosynthetic genes for nogalamycin26) and aclacinomycins27) (see Fig. 1 for structures), derived from S. nogalater and S. galilaeus respectively, were introduced into D2 by protoplast transformation. Plasmid pSY21 carrying minimal PKS genes for nogalamycin8) did not complement the D2 mutant. D2/pSY15 also remained non-producing. Although plasmid pSY15 was previously suggested to contain all the genetic information from S. nogalater to produce the first three rings of nogalamycin17). D2 was further transformed with pSgs4 which carries genes for aclacinomycin biosynthesis, and with pSY42 which contains nogalamycin biosynthetic genes other than pSY21 and pSY15. acting on actinorhodin biosynthetic pathway in S. coelicolor can not act on longer polyketides than octa-and nonaketides in CH99913), our studies suggest that the corresponding endogenous TK24 cyclase has a role to play in biosynthesis of such polyketide compounds. For example, in our previous studies, S. lividans TK24 carrying pSY15 was able to produce aromatic polyketides with correctly closed first three rings although the construct did not contain snoaM or a related cyclase gene10,17). Furthermore, TK24 carrying pMC9 (Kantola, unpublished) or pSY15b10) was able to produce minor amounts of auramycinone. Construct pMC9 contains nine anthracyclinone biosynthesis genes derived from three different Streptomyces species but no cyclase corresponding to snoaM or aknW, while pSY15b contains the same genes as pMC9 and an activator, snorA. Similarly RAJGARHIA and STROHL9) were able to produce AA in TK24 transformants and GERLITZ et al.29) in S. lividans 1326 carrying genes cloned from S. peucetius without genes corresponding to second and third ring cyclases. To get more information whether the cyclizations in TK24 occur spontaneously or by the action of endogenous TK24 enzymes, we expressed pSY15 in a number of unidentified Streptomyces strains that do not produce aromatic polyketides in nature. As expected, similar products as in TK24/pSY15 were not obtained (data not shown). If the cyclization was a spontaneous reaction we should have observed related products as were found in TK24/pSY15.
In addition to correctly folded polyketides, TK24/pSY15 and TK24/pSY15b produced incorrectly folded compounds. In these incorrectly folded compounds17) (Fig.  3 ) the first two rings are closed correctly but the remaining tails form a tetrahydropyran ring as in actinorhodin, which is an aromatic polyketide product of S. lividans. This reaction was most probably catalyzed by a product of the locus corresponding to actVI, which acts on the formation of the tetrahydropyran ring found in actinorhodin (Fig. 1) produced by S. coelicolor30). This further supports the expression of endogenous genes in TK24. It seems that ActIV and ActVI functions are competitive in TK24/pSY15 and TK24/pSY15b after the second ring closure because both correctly and incorrectly folded products were detected (Fig. 3) .
Expression of snoaM in S. lividans TK24 and S. coelicolor CH999
To test the activity of snoaM on auramycinone production, we cloned it into pMC9 to obtain pMC10aM.
As expected, the expression of pMC10aM in TK24 resulted 
Sequence Analyses
Comparison of the deduced amino acid sequence encoded by snoaM with database sequences revealed a high degree of similarity to other putative polyketide cyclases found in anthracycline clusters so far. Identities of 73% to AknW from S. galilaeus18), 71% to ORF1 from S. griseus31) and 71% to DpsY from S. peucetius22) were found. Disruption of dpsY in S. peucetius ATCC29050 has led to production of UWM522), the major product of D2 also (product 1). BAO et al.32) further investigated the role of dpsY in the aglycone biosynthesis. They studied constructs with and without dpsY transformed in S. lividans 1326.
Their studies revealed that the products obtained were either aberrantly cyclized shunt products or AA depending on whether a construct contained dpsY or not. In addition to cyclases found in anthracycline biosynthetic clusters, SnoaM showed a 65% identity to MtmY33) implicated in mithramycin biosynthesis. On the contrary, SnoaM did not show any similarity to cyclase ActIV or to those of the other genes involved in actinorhodin biosynthesis.
However, this does not exclude the possibility that ActIV has effect on anthracycline biosynthesis.
To further clarify the nature of the mutation in D2 strain a cyclase designated as dpsY22) was amplified with PCR from wild type and D2 strains. Sequence studies revealed that there is one amino acid difference in the sequences changing glycine at position 191 to serine. All cyclases for the second and third ring closure identified from anthracycline gene clusters sequenced so far (SnoaM, AknW18), ORFl31) and DpsY22)), as well as MtmY33) from the mithramycin cluster have a glycine at position 191. In addition, there are two other differences in deduced amino acid sequences of wild type and D2 compared to the S.
peucetius ATCC 29050 dpsY22) sequence in the gene bank 
